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Abstract
Familial mitral valve prolapse in human beings has been associated with several genetic variants; however, in most cases, a 
known variant has not been identified. Dogs also have a naturally occurring form of familial mitral valve disease (MMVD) 
with similarities to the human disease. A shared genetic background and clinical phenotype of this disease in some dog 
breeds has indicated that the disease may share a common genetic cause. We evaluated DNA from 50 affected dogs from five 
different dog breeds in a whole genome sequencing approach to identify shared variants across and within breeds that could 
be associated with MMVD. No single causative genetic mutation was found from the 50 dogs with MMVD. Ten variants 
were identified in 37/50 dogs around and within the MED13L gene. These variants were no longer associated with MMVD 
when evaluated with a larger cohort including both affected and unaffected dogs. No high/moderate impact variants were 
identified in 10/10 miniature poodles, one was identified in 10/10 Yorkshire Terriers and 10/10 dachshunds, respectively, 
14 were identified in 10/10 Miniature schnauzers, and 19 in 10/10 CKCS. Only one of these could be associated with the 
cardiac valve (Chr12:36801705, COL12A1; CKCS) but when evaluated in an additional 100 affected CKCS the variant was 
only identified in 84/100 affected dogs, perhaps indicating genetic heterogeneity in this disease. Our findings indicate that 
development of MMVD in the dog may be related to a combination of genetic and environmental factors that impact specific 
molecular pathways rather than a single shared genetic variant across or within breeds.

Introduction

Mitral valve prolapse (MVP) is one of the most common car-
diac disorders in human beings affecting 2–3% of the gen-
eral population (Delling et al. 2016). Familial mitral valve 
prolapse can be isolated or associated with other syndromic 
conditions, particularly connective tissue disorders (Boudou-
las et al. 2020; Parwani et al. 2017). Several genetic variants 
have been associated with MVP development; however, the 
majority of patients with MVP do not have one of these 
known variants and the genetic basis for this disorder is still 
incompletely understood (Boudoulas et al. 2020; LaHaye 
et al. 2014).

Dogs have a naturally occurring form of non-syndromic 
mitral valve disease, myxomatous mitral valve disease 
(MMVD), with similarities to the human form of MVP 
particularly Barlow’s syndrome (Pedersen and Haggstrom 
2000; Parwani et al. 2017; Markby et al. 2020a; Oyama et al. 
2020). It is particularly common in some breeds of dogs 
that are physically small (small dog breed) including the 
Yorkshire Terrier, Miniature Poodle, Miniature Schnauzer, 
Dachshund, Cavalier King Charles Spaniel, Chihuahua and 
mixed breed dogs among others. (Borgarelli and Buchanan 
2012; Han et al. 2013). There is evidence of a familial eti-
ology in some of these breeds and it has been suggested 
that mitral valve disease may be genetically fixed within 
some breeds that have a very high incidence (Friedenberg 
et al. 2016; Lewis et al. 2011; Olsen et al. 1999; Swenson 
et al. 1996). The shared genetic background and clinical 
phenotype of this disease in some small dog breeds as well 
as the high prevalence of disease in those breeds has indi-
cated that the disease may share a common genetic cause 
(Parker and Kilroy-Glynn 2012). It is possible that MMVD 
may have been introduced at a very early stage of dog breed 
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development and reached relatively high rates due to reduc-
tions in the gene pools of these breeds after their develop-
ment (Parker and Kilroy-Glynn 2012). However, genome 
wide association studies have identified associations to dif-
ferent chromosomal regions depending on the dog breed 
which suggesting more breed specific molecular etiologies 
(Lee et al 2010; Madsen et al. 2011; Stern et al. 2015). These 
findings as well as breed specific variations at the transcrip-
tome level could suggest that a more breed specific etiology 
may be involved (Markby et al. 2020b).

The objective of this study was to utilize DNA from 
50 affected dogs from five different dog breeds in a whole 
genome sequencing approach to identify shared genetic vari-
ants across and within breeds that could be associated with 
the development of MMVD. The increased understanding 
of the molecular basis for this common canine disease may 
bring additional insight into our understanding of human 
MVP as well.

Materials and methods

Phenotyping

This study was conducted in accordance with the guide-
lines of the North Carolina State University Institutional 
Animal Care and Use Committee (IACUC, 17-168-0). Ten 
adult dogs of each of the following five breeds were selected 
for evaluation including Yorkshire Terrier, Miniature Poo-
dle, Miniature Schnauzer, Dachshund, and Cavalier King 
Charles Spaniels. These breeds were selected due to the 
reported increased occurrence in these breeds (Borgarelli 
and Buchanan 2012; Han et al. 2013). Dogs were evaluated 
by a board certified veterinary cardiologist or a cardiology 
resident under the supervision of a boarded cardiologist 
at North Carolina State University College of Veterinary 
Medicine. Dogs diagnosed with a systolic left apical heart 
murmur and had echocardiographic findings consistent 
with mitral valve disease (valve thickening, prolapse, and/
or mitral regurgitation) were selected for DNA collection 
(Borgarelli and Haggstrom 2010).

DNA collection, isolation, and sequencing

One to two milliliters of blood were collected in an EDTA 
blood tube from 50 dogs (ten dogs in each of the five breeds) 
diagnosed with mitral valve disease. DNA was extracted 
using a Qiagen midiprep kit following the manufacturer’s 
instructions (Qiagen, Hilden, Germany). For each sample, 
approximately 3 μg of DNA was submitted for library prepa-
ration and whole-genome sequencing (https:// www. genew iz. 
com/ en). All sequencing experiments were run in one lane of 

an Illumina HiSeq 4000 high-throughput sequencing system 
(2 × 150 paired-end reads).

Variant calling

Variant calling from whole-genome sequencing data was 
performed using a standardized bioinformatics pipeline 
for all samples as described previously (Friedenberg and 
Meurs 2016). Briefly, sequence reads were trimmed using 
Trimmomatic 0.32 to a minimum phred-scaled base qual-
ity score of 30 at the start and end of each read with a 
minimum read length of 70 bp (Bolger, Lohse, and Usadel 
2014). Sequences were then aligned to the canFam3 ref-
erence sequence using BWA 0.7.13 (Li and Durbin 2009; 
Lindblad-Toh et al. 2005). Aligned reads were prepared for 
analysis using Picard Tools 2.5 (http:// broad insti tute. github. 
io/ picard/) and GATK 3.7 following best practices for base 
quality score recalibration and indel realignment as speci-
fied by the Broad Institute, Cambridge, MA (DePristo et al. 
2011; McKenna et al. 2010; Van der Auwera et al. 2014). 
Variant calls were made using GATK’s HaplotyeCaller 
walker, and variant quality score recalibration (VQSR) was 
performed using sites from dbSNP 146 and the Illumina 
174 K CanineHD BeadChip as training resources. A VQSR 
tranche sensitivity cutoff was applied to SNPs at 99.9 and 
99% to indels for use in downstream analyses; genotype calls 
with a phred-scaled quality score < 20 were flagged but not 
removed from the variant callset.

Variant filtering

Variants present in affected mitral valve disease dogs were 
selected and filtered against a database of variants derived 
from whole-genome sequencing of 152 presumed unaffected 
dogs of 24 breeds (Supplemental Table 1) thought to have a 
low prevalence for canine mitral valve disease (https:// cidd. 
disco verys pace. ca/). Filtering allowed for variants to be pre-
sent at an allele frequency of up to 5% within the population 
of presumed unaffected dogs to prevent exclusion of variants 
that could infrequently be identified in other breeds. Variants 
were annotated using Variant Effect Predictor 98 (Mclaren 
et al. 2016).

Variant evaluation

Data was first filtered to select for variants identified in 
all 50 affected dogs. Subsequently, the data was filtered 
for variants found in ≥ 45 of all affected dogs, ≥ 40 of all 
affected dogs, ≥ 35 of all affected dogs, ≥ 30 of all affected 
dogs, ≥ 25 of all affected dogs, ≥ 20 of all affected dogs, ≥ 15 
of all affected dogs, ≥ 10 of all affected dogs, ≥ 5 affected 
dogs, and in at least 1 affected dog. Next, with the assump-
tion that a variant might be most common within a specific 
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breed, each breed’s whole genome sequencing data was then 
filtered for variants that were in 10 of 10 dogs within each 
breed.

Variants were then evaluated for likely pathogenic impli-
cations using the Standards and Guidelines for the Interpre-
tation of Sequence Variants (Richards et al. 2015). Variants 
were separated into four categories: high, moderate, low and 
modifier impact per Variant Effect Prediction classification. 
Disease associated low and modifier variants were evaluated 
using Human splice site finder (HSF) (http:// www. umd. be/ 
HSF/), NNsplice (https:// www. fruit fly. org/ seq_ tools/ splice. 
html), NetGene2 (http:// www. cbs. dtu. dk/ servi ces/ NetGe 
ne2/), and MaxEntScan (MES) (http:// holly wood. mit. edu/ 
burge lab/ maxent/ Xmaxe ntscan_ score seq. html) to predict the 
possible genetic importance. Finally genes were evaluated 
with Ingenuity Pathway Analysis (IPA) to determine gene 
function and possible association with the development of 
mitral valve disease (IPA, Qiagen, https:// www. qiagen. com/ 
us/) including association with valve development, main-
tenance and integrity. High and moderate impact variants 
identified in a gene designated as a novel canine gene were 
explored more thoroughly by evaluating the gene with Blast 
(Blast, https:// blast. ncbi. nlm. nih. gov/ Blast. cgi) for similarity 
to a known gene in another species that could have valvular 
relevance.

Two variants (chr26:12745501; chr26:12974780, 
MED13L gene) (Supplemental Table 2)) with the strongest 
whole genome association (p < 0.0001) to the development 
of disease were evaluated with Sanger sequencing in 100 
additional affected and 100 apparently unaffected (as deter-
mined by lack of a heart murmur by cardiac auscultation at 
the age of 10 years or older) small breed dogs (Table 2) to 
validate variant association to the disease. Allele associa-
tion to MMVD was evaluated with a Fisher’s, p < 0.05. One 
variant (Chr12:36801705, COL12A1 gene) identified in ten 
of the ten CKCS was evaluated with Sanger sequencing in 
100 additional affected CKCS to validate variant association 
to the disease in this breed (Supplemental Tables 2 and 3).

Results

No high, moderate, low or modifier impact variants were found 
in all 50 dogs. (Fig. 1) One high impact variant (BTNL10, 
Chr14:507272) was found in ten of ten Yorkshire Terriers, one 
high impact variant was found in ten of ten Miniature schnau-
zers (GLYAT, Chr18: 37676090), and one was found in ten 
of ten CKCS (MFSD13A, Chr6:23283876). No high impact 
variants were found in all ten Dachshunds or Miniature Poo-
dles. No moderate impact variants were found in all ten York-
shire Terriers or Miniature Poodles. Four moderate impact 
variants were found in all ten Schnauzers, one was found in 
Dachshunds and nine in CKCS (Supplemental Table 4). All of 

these were only found in these breeds and all but one of these 
(Chr12:36801705, COL12A1) were in genes that did not have 
any evident pathophysiological link to valve disease. The one 
variant in the CKCS in a gene with an association with the 
heart valve, COL12A1, was subsequently only found in 84 of 
100 affected CKCS.

Eight intronic variants in a single gene, MED13L, were 
found in at least 37 of the affected dogs and two inter-
genic variants adjacent to MED13L (Chr26:12745501, 
Chr26:13761780) were found in at least 43 dogs, and were 
significantly associated with mitral valve disease (p < 0.0001) 
(Table 1). In silico splice site prediction analysis performed 
on the MED13L intronic failed to identify alternative splicing 
sites (Supplemental Table 5).

When the two most common variants (chr26:12745501; 
chr26:12974780) were evaluated in a population of unaffected 
small breed dogs they were no longer found to be significantly 
associated with MMVD (p < 0.6 and p > 0.999). (Table 2).

Fig.1  Comparison of variants found in five different breeds of dogs 
with MVD. The pseudo log of the number of variants (y-axis) was 
used for uniform scaling of the bar chart
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Discussion

This study demonstrated that there were no shared single 
high, moderate, low impact, or modifier variants in all 
50 MMVD dogs. This suggests that although the disease 
appears to have many similarities across dogs including 
clinical presentation, prevalence in small breed dogs and 
a heritable nature, it does not appear to share a common 
associated genetic variant. This is consistent with the lack 
of a single genetic mutation identified in humans with 
MVP (Boudoulas et al. 2020; LaHaye et al. 2014).

We also did not identify any breed specific variants that 
were associated with MMVD in the breeds evaluated. Only 
three of the five breeds had at least one high or moder-
ate impact variant found in ten of ten dogs evaluated but 
there was no clear association of the variants to valvular 
development, maintenance, integrity or other aspects of 
valvular disease. None of these variants were found in the 
regions previously associated with the development of 
MMVD by genome wide association in the dog includ-
ing chromosomes 13q2.2.3 and 14q1.3 (CKCS) (Lee et al 
2010; Madsen et al. 2011; Stern et al. 2015). The other 
two breeds, Dachshunds and miniature poodles, did not 
have a shared high or moderate impact variant in all ten 
dogs. These findings could suggest that even within a pure-
bred, closed genetic population that more than one disease 
associated variant may have been inadvertently selected 

through breeding practices. This has been previously noted 
in a few other examples of familial disease in pure bred 
animals (Meurs et al. 2019; Zeng et al. 2014).

The identification of disease-causing variants is often 
focused on high and moderate impact variants because of 
a greater knowledge of how this may impact the gene prod-
uct; however, there is increasing evidence of the role of 
intronic variants on the development of disease (Vaz-Drago 
et al. 2017). Although we did not identify any single variant 
shared in all 50 dogs, we did find a small number of low 
impact (intergenic and intronic) variants in a large number 
of dogs that were located around and within the MED13L 
(Mediator complex subunit 13-like) gene. MED13L is a 
subunit of the large Mediator complex that functions as 
a transcriptional coactivator for most RNA polymerase II 
transcribed genes and is thought to play an essential role in 
development (Van Haelst et al. 2015). Mediator complex 
subunits 10 and 12 have been associated with regulation of 
cardiac jelly development and atrioventricular valve devel-
opment in zebrafish (Just et al. 2016; Segert et al. 2018). 
Mutations in MED13L are associated with MED13L syn-
drome, which can sometimes cause congenital heart defects, 
including transposition of the great arteries, ventricular sep-
tal defect, and tetralogy of fallot (Asadollahi et al. 2013). 
Canine mitral valve disease has been assumed to be a mid-
dle to later adult-onset disease, since it is most commonly 
diagnosed at that stage of life; however, an association with 
MED13L could suggest that that the disease begins as a 
developmental abnormality with clinical signs developing 
much later in life (Gordon et al. 2017). We were unable to 
identify a specific molecular impact of these variants on the 
gene product using insilico prediction programs and when 
the most common variants were evaluated in a large number 
of affected and presumed unaffected dogs, we were no longer 
able to identify a statistical association with the MMVD phe-
notype. This could suggest that these variants could simply 
be associated with other aspects of small breed dog genetic 

Table 1  MED13L intronic and 
intergenic variants associated 
with canine MMVD

POSITION CKCS Dachshund Min-
iature 
Poodle

Miniature 
Schnauzer

York-
shire 
Terrier

Total Number Fisher Exact

chr26:12796099 2 10 10 10 7 39  < 0.0001
chr26:12809613 2 10 10 10 7 39  < 0.0001
chr26:12819474 2 10 10 10 7 39  < 0.0001
chr26:12838979 2 10 10 10 7 39  < 0.0001
chr26:12895210 2 10 10 10 7 39  < 0.0001
chr26:12970728 1 10 10 10 6 37  < 0.0001
chr26:12974523 2 10 10 10 7 39  < 0.0001
chr26:13004170 2 10 10 10 7 39  < 0.0001
Chr26:12745501 6 10 10 10 8 44  < 0.0001
Chr26:12761780 6 10 9 10 8 43  < 0.0001

Table 2  Genotypes of two MED13L variants evaluated in 100 
affected MMVD and 100 unaffected small breed dogs

Chr26: 12745501
Wild-type GG

chr26: 12974780
Wild-type TT

Affected 11 GG, 89 GA, 0 AA 20 TT, 35 GT, 45, GG
Unaffected 17 GG, 83 GA, 0 AA 19 TT, 37 GT, 44 GG
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background. Alternatively, it could suggest that these vari-
ants are important in the development of MMVD in the dog 
but are fixed in the population of small breed dogs and that 
due to incomplete penetrance and late onset were not creat-
ing an apparent MMVD phenotype in the unaffected small 
breed dog cohort. In addition, the unaffected small breed 
dogs were phenotyped as unaffected by auscultation alone; 
echocardiography of the presumed unaffected dogs would 
have provided more rigourous phenotyping and decreased 
possible incorrect categorization. Further evaluation of the 
role of variation in this genetic region of MED13l and the 
development of canine MMVD is warranted.

The lack of a shared common gene variant even within a 
specific breed with a known familial form of MMVD could 
suggest that the development of MMVD may be the result of 
disruptions in shared pathways, rather than a shared genetic 
variation. It has been suggested that the pathogenesis of 
MVP in people may be related to multiple factors and that 
the disease may present a final common pathway for a vari-
ety of genetic and molecular factors (Boudoulas et al. 2020). 
Development of MMVD in the dog may occur in a similar 
fashion in which even specific breeds develop the disease 
due to a combination of genetic variants that result in abnor-
mal valvular integrity. Although we did not find a specific 
shared variant in CKCS with MMVD, the transcriptomic 
profile of CKCS MMVD mitral valves has been shown to 
be different than non-CKCS MMVD valves demonstrating 
some breed specific differences (Markby et al. 2020a). Tran-
scriptomic and pathway analysis work on MMVD valves 
from 11 different breeds of dogs with severe MMVD iden-
tified TGFβ signaling as a dominant pathway which may 
suggest the role of shared pathways rather than a shared gene 
(Markby et al. 2020b). This finding could also be consistent 
with genetic heterogeneity, the development of a clinical 
phenotype associated with more than one genetic mecha-
nism. Therefore, our data analysis may have been compli-
cated by evaluation for a single shared mutation across a dog 
breed rather than the evaluation of multiple genetic causes 
resulting in a similar phenotype within the breed.

As with any study, limitations exist. The number of 
MMVD dogs evaluated by WGS was relatively small with 
only ten from each breed. It is possible that contributing 
genetic variants could have been identified if we evaluated 
a larger number of animals in each breed. We filtered the 
MMVD variants in the WGS against a cohort of breeds of 
dogs that are thought to be of low risk for MMVD. How-
ever, large breed dogs can occasionally develop MMVD 
and it is possible that by doing so we could have missed 
important variants that were in both populations. To pre-
vent this, we filtered our data so that we allowed variant 
alleles to exist in up to 5% of the large breed population 
before we excluded them. It would have been even better 

to filter the affected population against unaffected small 
breed dogs; however, given the high prevalence of dis-
ease in the small breed dog population, late onset of the 
disease and possible incomplete penetrance in some dogs 
we did not feel confident that we could be sure that an 
unaffected small breed population was truly unaffected. 
Finally, it is important to note that the annotation of canine 
reference genes in CanFam3 is still incomplete. Although 
we attempted to evaluate genes characterized as novel in 
the genome for their similarity to known reference genes 
in other species it is likely that future alignments to new 
versions of the canine genome (CanFam4, CanFam5) will 
identify some genes that could have a role in the develop-
ment of MMVD that were not identified here.

In conclusion, no single causative genetic mutation 
was found in all 50 dogs with MMVD. We did identify 
a small number of intergenic and intronic variants in a 
large number of dogs that were located around and within 
the MED13L gene. However, we were unable to identify 
a specific molecular impact of these variants on the gene 
product and the variants were no longer associated with 
MMVD when evaluated with other small breed dogs that 
were thought to be unaffected. Given the complexity of the 
exact phenotyping of this disease which can be impacted 
by late and variable onset of disease and possibly incom-
plete penetrance, these variants should not be completely 
disregarded and further study is warranted. Development 
of MMVD in the dog may be related to a combination 
of genetic and environmental factors that impact specific 
molecular pathways.
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